microassembly, we propose in this paper a new type of microrobot based on bistable modules: digital microrobots. This concept consists in building a monolithic microrobot using microfabrication technology without any assembly. It gets over the difficulties of traditional microrobots: non-linear control, G.S.Chirikjian firstly presented the concept of the binary paradigm for robotic manipulators in [5] . location depend on the displacement a of the bistable This paper is organized as follows: section 2 presents the module. concept in the microscale. Section 3 presents the design Although only a discrete area can be reached, the number of details, from the bistable element design to the overall logical states is an exponent function of the bistable structure structure design and finally the conclusion is given in Section number.
4.
Total logical states = 2n, n: the number of bistable modules. II. GENERAL Fig.3 ). We will have an accumulation of the discrete displacement o~or discrete Ti oe ocp hw ayavnae.Go rotation (0) by switching the different bi-stable modules, so a reatblyan acucy reoaidthksote mechanical performances of the bi-stable modules. Moreover neither proprioceptive sensors nor bulky and expensive According to the pseudo-rigid-body model [17] [18], a instruments are needed. Low power consumption can be calculated model is presented in Fig.5 . The bistability is obtained because external energy is not needed to maintain determined by torsional spring stiffness ks, the elastic beam the modules in a given state but only during the transition stiffness kb, and the initial height of the curved beam h. phases, and the immunity to noise and environment changes 
III. DESIGN L, h and Yare shown in Fig. 5 .
The objective is to design a translation axis by cascading The strain energy U can be derived by the torsional spring several bistable modules. In this paper we focus on the stiffness ks and the elastic beam stiffness kb:
translation. Before designing the modules, it is necessary to U=8 1 ks 02 +4. 1 processing. Taking into account the limit of the bulk k _ El micromachine technology available in our clean room, and 0.1L also a good bistability, the dimensions of the design are A finite element analysis (FEA) is made by using the tetrahedron element (SOLID227) which permits us to make commercial FEA software ANSYS. The result from the coupled electric-thermo-mechanic analyses. We took into model and the FEA are presented in Fig.6 and Fig.7 . account all the thermal effects: the conduction, the X 10_4 convection, and the radiation (see Fig. 9 ). Fig. 10 and 11) . They limit the displacement of the shuttle.
.6
Due to the monolithic microfabrication of the overall module, a first activation is necessary in order to insert the 0 activation, one should be careful of the compliant parts of the shuttle (see Fig. 11 ). This model shows a little bigger stiffness than FEA because of the simplification of the tortionnal spring model but it can Stop block 1 be considered as a sufficient approximation.
So, for switching from a stable state to another, a microactuator which can produce a force of 0.7mN and a stroke of 50im is needed.
B. Actuator design
The potential candidates could be piezoelectric, thermal, o3.5mm tp block 0 electrostatic and shape memory alloy (SMA) actuators. Due to the use of the bulk micromachine technology, piezoelectric actuators and SMA actuators are difficult to Fig. 10 . One bistable module: four thermal actuators, integrate. The calculation of the electrostatic actuator shows two bistable beams, stop blocks, and a frame. that it takes a lot of space for reaching the required force. So we decided to use thermal actuators. The work of Jinqiu [12] Deformablebeams gave an example of using the thermal actuator with the bulk micromachine technology. The Based on the models described in [15] [16] , Fig. 8 shows the Fig. 11 . The stop block of the state 1 dimensions of the thermal actuator we designed. The commercial FEA software offers a structural-thermoelectric So the bistable module [ Fig. 10 According to the formula 11, the tip's flexion could be In this calculation model, the two bistable curved beams are reduced with the increase of the thickness of the structure. In considered as two springs, and the actuators and the frame our case, the tip's flexion is 2jim with a thickness of are considered as a rigid beam. Only the spring causes a 1O0jm.This flexion is neglected. flexion. The gravity center of every bistable module is located in the middle of the two springs. IV. CONCLUSION For n bistable modules, we simplify the model as in Fig.14 . In this paper, we have presented the concept of a digital
The moment (M(n2-n)/2) and force (nF) are the equivalent microrobot which contains several cascaded bistable moment and force of the n bistable modules which are modules. Every module consists of two curved beams and applied on the first bistable module. The out of plane flexion four thermal actuators. The stop blocks are designed to limit can be obtained:
the displacement between the stable states for a good =+nF M(n2 -n) (0.5L +LI)
repeatability. The bistable structure has been designed to 71n k 2Lk 0.5L (9) obtain a good repeatability, symmetric force-displacement curve and the possibility to build cascaded structures. The choice of thermal actuators meets the needs of the bistable structure in term of force, displacement, and easy integration. No external energy input is needed to maintain the structure in a stable position.
The batch microfabrication permits us to fabricate a monolithic structure without any assembly. This new digital microrobot offers several advantages that overcome the problems of traditional microrobots. We are now characterizing the behavior of the microfabricated bistable structures.
